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Vesicle recyclingThe epithelial Na+ channel (ENaC) is a major regulator of salt and water reabsorption in a number of
epithelial tissues. Abnormalities in ENaC function have been directly linked to several human disease states
including Liddle syndrome, psuedohypoaldosteronism, and cystic ﬁbrosis and may be implicated in salt-
sensitive hypertension. ENaC activity in epithelial cells is regulated both by open probability and channel
number. This review focuses on the regulation of ENaC in the cells of the kidney cortical collecting duct by
trafﬁcking and recycling. The trafﬁcking of ENaC is discussed in the broader context of epithelial cell vesicle
trafﬁcking. Well-characterized pathways and protein interactions elucidated using epithelial model cells are
discussed, and the known overlap with ENaC regulation is highlighted. In following the life of ENaC in CCD
epithelial cells the apical delivery, internalization, recycling, and destruction of the channel will be discussed.
While a number of pathways presented still need to be linked to ENaC regulation and many details of the
regulation of ENaC trafﬁcking remain to be elucidated, knowledge of these mechanisms may provide further
insights into ENaC activity in normal and disease states.ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
The epithelial Na+ channel (ENaC) is the rate-limiting step for Na+
reabsorption across several epithelial tissues, including the colon,
sweat glands, salivary ducts, airway, and the distal kidney nephron
[14,23,68,74,119]. The ﬁnal regulation of Na+ reabsorption by the
kidney occurs in the distal convoluted tubules, connecting tubules,
and collecting ducts where regulatory inputs alter Na+ absorption
through ENaC. The reabsorption of Na+ is a major determinant of
extracellular ﬂuid volume and consequently thought to be involved in
the regulation of blood pressure [74,135,152,170,191]; however,
collecting duct silencing of α ENaC expression did not impair sodium
balance in a mouse model [171]. Disregulation of channel activity,
apical membrane localization, and apical membrane residency time
has nevertheless been shown to be important in several human
diseases [14,50,90,122,124,128,226].
ENaC is composed of 3 homologous subunitsα, β, and γ. A fourth, δ
ENaC, subunit has been found to assemble with β and γ ENaC to make
a functional channel with signiﬁcantly different single channel
properties compared to the more widely observed α, β, γ ENaC
[96,141]. It is not clear to what extent this δ form of ENaC participates
in Na+ reabsorption in the kidney and will not be discussed in this
review. On a single channel level, α, β, γ ENaC is highly selective for
Na+ over K+ and exhibits a relatively low conductance (∼5pS) and
slow gating kinetics with prolonged channel openings. It is inhibitedby the potassium-sparing diuretic amiloride and its analogues with a
Ki in the nM range (∼100nM) [63,68,144]. Sodium reabsorption
through ENaC is altered primarily in twoways. Firstly, by changing the
open probability (PO) or open state of the channel, a rapid alteration in
Na+ conduction through ENaC can be achieved [13,93]. This occurs
either by altering the gating of the channel or by the activation
induced by proteolytic cleavage of the extracellular loops of α and γ
ENaC (see below) [3,27,36,51,89,106,167,208,213,214]. The increase
in open probability results in increased Na+ transport without a
change in channel surface density. The second means to alter Na+
reabsorption through ENaC is by varying themembrane density or the
number of channels (N) located in the apical membrane
[23,24,26,165]. These two mechanisms are not mutually exclusive,
and a combination of alterations in activity (PO) and membrane
density (N) is likely employed to achieve ﬁne control of Na+ uptake.
This review addressing the regulation of ENaC trafﬁcking will
therefore mainly focus on changes in N.
The most direct link between ENaC surface density and salt-
sensitive hypertension is observed in Liddle syndrome. Themechanics
underlying this disease are well characterized, and it is known to be
caused by mutations in ENaC, which alter its trafﬁcking and cell
surface expression [1,60,71,75,116,121,154,168,184,195]. This syn-
drome represents a small minority of salt-sensitive hypertensives, the
abnormalities leading to other forms of hypertension likely involve a
number of sites of disregulation [12,117,164,166,191,199]. However,
as this trafﬁcking defect has already been linked to hypertension, it
seems reasonable that a fuller understanding of the molecular
mechanisms involved in ENaC trafﬁcking might identify other
abnormalities in ENaC activity that would lead to hypertension or
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and its role in hypertension will be brieﬂy discussed. This will be
followed by an overview of ENaC trafﬁcking and apical membrane
recycling. While the trafﬁcking of ENaC will be discussed directly, a
broader view of protein trafﬁcking in epithelial cells will be required
as aspects of this regulation may be applicable to ENaC even though
these have yet to be directly investigated for this channel.
1.1. Clinical relevance and ENaC's role in hypertension
The function of ENaC is to selectively transport Na+ across
membranes in which it resides. Sodium moves down an electro-
chemical gradient established by the activity of Na+/K+-ATPase
located in the basolateral membranes of polarized epithelial cells. The
vectoral movement of Na+ establishes an osmotic gradient that
facilitates the movement of water in the same direction [11,16,181].
Consequently, disruptions in ENaC function are associated with
diseases that are characterized by sodium and water imbalances.
These diseases manifest in tissues where ENaC is expressed including
the kidney, colon, and lung [160,192,202,226]. Attention will be paid
here to the evidence linking ENaC with hypertension and the
regulation of ENaC in the cortical collecting duct (CCD) cells lining
the distal kidney nephron. However, the association of ENaC with
other diseases has been discussed previously in a numerous excellent
reviews [14,91,92].
The best described direct link between ENaC disregulation and
hypertension is observed in Liddle syndrome. This autosomal
dominant disease, which leads to early onset of hypertension, is a
result of gain-of-function mutations on ENaC β and γ subunits. The
overactivity of ENaC results in excessive Na+ reabsorption in the
kidney distal nephron. Coupled with the increase in Na+ transport,
patients exhibit hypokalemia, metabolic alkalosis, low aldosterone
levels, volume expansion, and associated arterial hypertension
[1,71,116,121,168,184]. Unlocking the mechanisms that underlie the
observed increase in Na+ transport in Liddle syndrome has led to a
comprehensive characterization of the regulation of ENaC surface
density. The details of this regulation are discussed in the context of
ENaC trafﬁcking below. In contrast to the gain-of-function mutations
that result in hypertension, ENaC has also been implicated in
hypotension with loss-of-function mutations. Pseudohypoaldoster-
onism type I (PHA1) is a disease that results in volume depletion,
hyperkalemia, and hypotension [33,117,150,151,178,198].
The direct link these disorders make between ENaC function and
systemic blood pressure offers an impetus to investigate the
regulation of this channel as an underlying cause of hypertension.
Studies exploring the potential association between ENaC mutations
and low-renin hypertension have identiﬁed a subset of patients that
may link ENaC directly to the disease. This research described a single
nucleotide polymorphism (SNP) that results in a mutation in α ENaC
[8,52,95]. The functional consequences of this mutation in ENaC
regulation have yet to be unequivocally demonstrated. An alternative
means to investigate the role of ENaC in disease states is with the use
of animal models, and speciﬁcally, knockout and knockin mice. Mouse
models that disrupt ENaC function or regulation in the kidney have
been used to recapitulate human diseases like Liddle syndrome and
PHA-1, providing the strongest evidence for a direct link between
ENaC and disease states [42,92]. Often, however, compensatory
regulation and reserve capacity in the kidney mask a central role of
ENaC in Na+ reabsorption. For example, in mice engineered to express
the Liddle mutations of ENaC, no hypertensive phenotype was
observed when animals were kept under normal salt diets. Once the
mice were fed a high-salt diet, this reserve compensatory regulation
for Na+ balance could no longer be maintained and the animals
developed hypertension. A summary of both gain-of-function and
loss-of-function mouse mutants has been previously presented,
linking ENaC regulation and clinical phenotypes [92].To understand the regulation of ENaC trafﬁcking, we will follow
the itinerary of ENaC from production to destruction. Generalized
pathways elucidated using epithelial model cells will be used as the
template for discussing ENaC trafﬁcking. Areas of common and
divergent regulation from this general pathway will be highlighted
along with those compartments and pathways still to be investigated
for ENaC-speciﬁc trafﬁcking. In following the life of ENaC in CCD
epithelial cells, the apical delivery, internalization, recycling, and
destruction of the channel will be discussed. Fig. 1 is a schematic
diagram depicting the most commonly described and best character-
ized trafﬁcking routes found in epithelial cells.
2. Apical delivery (production and forward trafﬁc)
2.1. General overview
The delivery of transmembrane proteins to the apical surface of
epithelial cells following synthesis involves sorting and packaging in
the Golgi and forward trafﬁc from the trans-Golgi network (TGN) to
the apical membrane [62,162]. Proteins can be trafﬁcked to the apical
membrane via a number of possible routes either moving directly to
the apical surface after traversing several subcellular compartments
en route or they may be targeted ﬁrst to the basolateral surface and
then transcytosed to the apical membrane [162]. Numerous accessory
proteins are recruited on the way to facilitate protein/vesicle
trafﬁcking. These include small GTPases including Rab proteins (see
recycling below) and motor proteins to move membrane vesicles to
the desired compartment or apical surface [97]. Finally, when the
vesicles arrive at their destination, soluble N-ethylmaleimide-sensi-
tive factor attachment protein receptor (SNARE) protein family
members facilitate the docking and fusion of vesicles with the target
membrane [54,201].
In most cases, the proteins themselves contain the signaling cues
that determine the mode of trafﬁcking employed and the machinery
recruited to achieve apical delivery. These signals can take several
forms and are either encoded on the extracellular portions or
ectodomains, transmembrane domains, or the intracellular/cytom-
plasmic domains of the protein. Examples of these types of signals are
N- and O-linked glycosylation on the ectodomains, glycosyl-phoso-
phatidylinositol (GPI) anchors for membrane-embedded signals, and
speciﬁc protein sequence sorting signals on intracellular/cytoplasmic
portions of proteins (for example, PDZ domains or the Yxx ϕ tryosine
motif) [142,143,205]. In addition to speciﬁc signals encoded on the
proteins themselves, several apical proteins are known to cluster into
glycolipid, detergent-resistant membrane domains commonly called
lipid rafts [67,79]. It was initially considered that lipid rafts were a
requirement for apical membrane delivery; however, it has been
subsequently demonstrated that both raft-associated and raft-free
proteins are able to target to the apical membrane. Proteins destined
for the apical surface may employ different routes, however,
depending on whether they are partitioned into lipid rafts or use
non-raft pathways. A potential mechanism linking lipid rafts to apical
membrane trafﬁc may involve the phosphatidyl(4)phosphate (PI(4)
P) adaptor protein 2 (FAPP2) [70,211,212]. Disruption of FAPP2
function has been linked to a failure of cells to deliver synthesized
membrane proteins to the apical membrane and accumulation of
apically destined vesicles beneath the apical surface. FAPP2 is thought
to link PI(4)P and activated Arf1 in the TGN and may facilitate the
clustering of apical membrane proteins in lipid rafts [9,70]. Interest-
ingly, FAPP2may play amore central role in apical targeting, and it has
also been implicated in the delivery of non-raft proteins. Evidence for
this was obtainedwhen the delivery of the non-raft protein galectin-3
to the apical membrane was impaired when FAPP2 function was
disrupted [45–48].
After emerging from the TGN, proteins trafﬁc either via early
endosomes or apical recycling endosomes to the apical membrane
Fig. 1. Schematic diagram outlining steps in the apical delivery of proteins in epithelial cells. There are a number of possible routes proteins can follow out of the Golgi to the apical
surface depicted schematically by the arrows. Proteins canmove directly from the Golgi, bypassing the trans-Golgi network (TGN) (arrow furthest right); trafﬁc via lipid rafts (rafts);
trafﬁc directly from the TGN (yellow vesicle); or move into a recycling vesicle ﬁrst. For apical membrane proteins, this typically involves trafﬁcking to the apical recycling endosome
(ARE) but can involve reorganization from the basolateral surface (pink vesicles) to the common recycling endosome (CRE) before being directed to the apical surface. Finally SNARE
proteins facilitate the docking and vesicle fusion events that facilitate protein delivery (see text for details). Abbreviations: AEE, apical early endosome; BEE, basolateral early
endosome; CRE, common recycling endosome.
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emerging from the TGN need to be attached to motor proteins that
facilitate their forward trafﬁcking to the apical surface. These
include microtubule motors like the kinesin family members
(Kif3A, Kif3B, Kif3C) and non-muscle myosins [62,72]. Kinesins are
known to bind to a diverse range of vesicle cargo including
membrane proteins and Rab GTPases. There are also reports of
kinesin-positive vesicles containing annexins [69]. One of the
functions associated with annexins is a role in exocytosis,
speciﬁcally in the later stages of the delivery of apical membrane
proteins. Furthermore, annexin II is known to be linked to the
calcium-binding protein S100A10, which together directs the
targeting of cargo destined for the apical membrane [17,53,161].
Therefore, the potential exists for associations between vesicle cargo
and protein tethers to link speciﬁc vesicles to motors that allow
directed trafﬁcking to the apical surface. Other cellular cytoskeletal
proteins are known to be involved in facilitating vesicle trafﬁc, and
actin is the most widely reported example [56,134]. The multiple
roles of actin in vesicle trafﬁc are still being appreciated. Actin has
been shown to be involved in vesicle exocytosis, clathrin-mediated
endocytosis, and vesicle motility [125,134,206]. For protein delivery
to the apical surface, actin may provide a track or scaffold to guide
vesicle forward movement. An actin network may also present a
physical barrier preventing vesicle access to the surface membrane
[56]. In either scenario, active remodeling of actin would be
required to facilitate vesicle exocytosis at speciﬁc locations on the
apical membrane.Finally, when the vesicles arrive at the apical membrane and are in
a position to dock and fuse with the membrane, the extensively
studied solubleN-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) protein family members likely facilitate the docking
and fusion of vesicles with the apical membrane. Syntaxin 3, VAMP7
and 8, and SNAP-23 are the SNAREs most often associated with
epithelial cell apical membrane vesicle fusion [54,59,103,173,197].
2.2. ENaC-speciﬁc trafﬁcking
How does ENaC ﬁt into this paradigm? Looking at each step in the
forward trafﬁcking scheme outlined above and represented in Fig. 1,
studies have linked ENaC to several of the pathways and proteins
known to be important in epithelial cell trafﬁcking.
ENaC maturation involves transit through the Golgi complex with
the associated Asn-linked glycan processing as it proceeds to the
apical surface [57,169]. There is evidence, however, of an alternative
population of ENaC that appears to bypass Golgi processing, and
channels with “immature” n-linked glycans have been observed in
model cells [88,223]. These channels are present at the apical surface
and would therefore have been trafﬁcked to this membrane without
the requisite glycan signaling. If apical targeting of ENaC involves N-
or O-linked ectodomain glycans, this is likely not the only mechanism
that moves ENaC to the apical membrane. Likewise, several studies
have investigated the potential for ENaC to be localized in lipid rafts
[10,82,83,185]. Here, too, there is evidence for both raft-associated
and raft-free ENaC regulation. Our work and the work of others have
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depletion of cholesterol from the surface membranes of kidney
epithelial cells to disrupt lipid rafts resulted in the failure of cells to
constitutively deliver ENaC to the apical surface; however, the
regulated trafﬁcking of ENaC in response to cAMP stimulation
remained unaffected [83]. Analogous studies found little alteration
in ENaC regulation when lipid rafts were disrupted [220]. Again there
may bemore than one population of ENaCwith evidence for both raft-
associated and raft-free ENaC. Therefore, lipid rafts alone cannot
account for the apical targeting of ENaC.
Few studies have directly assessed targeting of ENaC from the TGN
to the apical surface. It is likely that ENaC-containing vesicles utilize
the cytoskeleton and molecular motors to move towards the apical
membrane. When either actin or tubulin was disrupted using
pharmacological agents, there was a generalized failure to deliver
ENaC to the apical membrane [24]. These studies did not, however,
address the role of active actin remodeling in ENaC regulation. In
another study, a direct link between α ENaC and f-actin has been
reported, and it therefore appears likely that actin may play an
important role in ENaC trafﬁcking [125]. In addition, no studies have
directly investigated ENaC trafﬁcking after disruption of myosins or
kinesins that would directly link the vesicles to these motor proteins
to the cytoskeleton. Likewise, a direct role for FAPP2 or annexins in
ENaC regulation has not been reported. It is clear therefore that the
forward trafﬁc of ENaC remains an underexplored area with many
potential links still to be conﬁrmed.
There are reports, however, that investigate the role of SNARE
proteins in the ﬁnal vesicle fusion events that would deliver ENaC to
the apical membrane. Disruption of SNAREs or SNARE binding
proteins that facilitate SNARE complex formation prevents the
exocytosis of ENaC vesicles with the apical membrane. Further, a
direct association between syntaxin and the cytoplasmic tails of ENaC
has been reported [22,38–40,156,173]. SNARE proteins likely play a
role in delivery of ENaC to the apical membrane.
3. ENaC surface residency and internalization
Once delivered to the apical surface, the activity of ENaC in the
apical membrane determines the extent of Na+ reabsorption across
the epithelium. To downregulate Na+ transport, ENaC needs either to
be inactivated (gated) or active channels have to be removed from the
apical surface to reduce the ﬂow of Na+ into the epithelial cells. ENaC
apical membrane half-life has been estimated at approximately 20–30
min from a number of studies; however, these estimates were derived
using mainly overexpression cell model systems [6,76,101,121]. The
apical residency of ENaC in native epithelia has not been unequivo-
cally demonstrated. The activity of ENaC at the apical surface is further
impacted by the action of proteases, which cleave ENaC subunits to
increase channel PO. Several channel activating proteases (CAPs) have
been described, which cleave the extracellular loops of ENaC and
increase Na+ transport by dramatically increasing channel open
probability (PO) [87,89,106,213,214]. The cleavage event changes
ENaC from an electrically silent to a constitutively active channel
[27,28]. It has become increasingly apparent that at least two cleavage
events may be required on the α and γ ENaC subunits to achieve full
channel activation [20,30,31,89,105]. New proteases that activate
ENaC are being reported on a regular basis [146]; however, the
regulation of ENaC by proteolysis will not be discussed in detail in this
review as there are numerous reviews dealing speciﬁcally with this
phenomenon [30,89,105].
While this mode of activation remains an important recent ﬁnding,
which continues to offer novel insights into ENaC regulation, the
action of proteases will only be mentioned in light of its potential
impact on ENaC trafﬁcking. A recent publication sought to clarify the
regulation of cleaved ENaC and estimated the surface half-life of
cleaved ENaC to about 20 min [101]. These data would suggest thatcleaved ENaC is regulated in a similar manner to the full-length
species reported in other studies and that cleavage does not
signiﬁcantly impact ENaC regulation by trafﬁcking. These ﬁndings
would need to be directly compared to studies investigating cleaved
versus uncleaved channels in the same system and veriﬁed in systems
that endogenously express ENaC. It is not clear therefore that
activation of ENaC by proteolytic cleavage interferes with any signals
involved in the trafﬁcking of the channel, or if the trafﬁcking protein
machinery would have a mechanism to detect increasingly cleaved
forms of the channel. From evidence presented to date, the most
potent downregulation of ENaC is initiated by ubiquitination of the
channel and retrieval from the apical membrane by endocytosis. The
interaction of the ubiquitin ligase Nedd4-2 responsible for ENaC
ubiquitination and ENaC intracellular tails appears to be unaffected by
the cleavage state of the channel, suggesting that ENaC trafﬁcking will
occur irrespective of ENaC cleavage [101].
As a defect in the downregulation of ENaC by ubiquitination is
linked to Liddle syndrome (mentioned above) and unbiquitination of
the ENaC acts as a predominant signal for channel removal, a brief
description of the mechanism behind this process will be presented,
even though this topic has been extensively studied and reviewed. It is
the Nedd4-2-mediated ubiquitination of ENaC that initiates the
events that lead to endocytosis and recycling to be discussed below.
3.1. ENaC regulation by ubiquitination
The E3 ubiquitin ligase Nedd4-2 binds to consensus PPxY motifs in
C-terminus ENaC subunits and mediates ubiquitination of lysine
residues on the N-terminus of α and γ ENaC subunits (Fig. 2)
[44,61,94,194,227,228]. Ubiquitination of the β ENaC has also been
reported; however, not all investigators report observing this [221].
Conﬁrmation of the central role that ubiquitination plays in
determining ENaC surface residency time was obtained from a
range of studies. Firstly, mutated lysines in N-terminal α and γ
ENaC subunits resulted in prolonged channel half-life due to apical
retention of the channels. Overexpression of Nedd4-2 in oocytes or
other cellular expression systems as well as mutagenesis studies
within the PPxYmotif prolong ENaC surface half-life and increase Na+
transport [44,71,123,189,194,196,227,228]. These studies demon-
strated that ubiquitination is the major pathway contributing to
retrieval of ENaC from the cell surface. The gain-of-functionmutations
in ENaC that lead to enhanced Na+ reabsorption and hypertension in
Liddle syndrome are caused by impaired Nedd4-2 binding to ENaC
and inhibition of ubiquitin-mediated channel retrieval
[1,60,71,107,121,195]. Recent studies have shown that ENaC subunits
are either polyubiquitinated or multi-monoubiquitinated at the cell
surface in both endogenously expressing cell lines and overexpression
systems [25,221]. Previously, it was proposed that assembled α, β, γ
ENaC that reaches the plasma membrane is monoubiquitinated and
targeted to endosomal/lysosomal degradation pathways [169]. Excess
ENaC subunits synthesized in ER, but not destined to reach plasma
membrane, are potentially degraded through a process of polyubi-
quitination and proteosomal degradation [2,61,196]. The minimal
ubiquitinated state of ENaC that would act as a signal for endocytic
retrieval has yet to be determined.
Nedd4-2-mediated ENaC ubiquitination appears to represent a
central convergence point for the regulation of ENaC surface density
for a number of physiologic pathways. The mineralocorticoid
hormone aldosterone is a key regulator of ENaC abundance and
surface expression and one of the many aldosterone-induced proteins
is the serum and glucocorticoid kinase, SGK1. SGK1 has been shown to
downregulate the action of Nedd4-2 (and consequently increase ENaC
surface residency) by phosphorylating Nedd4-2 and preventing its
interaction with ENaC [4,5,112,126,147,209,210,228]. The extracellu-
lar signal-regulated kinase (ERK1) pathway also converges on Nedd4-
2 as the aldosterone-induced protein GILZ appears to disrupt the
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G-protein receptor-coupled kinase GRK2 has been reported to
phosphorylate the C-terminus of β ENaC and decrease ENaC
sensitivity to inhibition by Nedd4-2 [49,172]. This observation may
explain the observed association of GRK2 overactivity with hyper-
tension and could provide a candidate for altering the relationship
between ENaC trafﬁcking and hypertension [172]. There are indica-
tions that protein kinase A (PKA) phosphorylates the same residues
on Nedd4-2 as SGK1 implicating convergence of the vasopressin/
cAMP signaling pathway at Nedd4-2 [188]. Finally, there are reports
that IKKβ and Akt1 phosphorylate Nedd4-2 [111,112,114]. The
common focus of all these pathways features an alteration in the
phosphorylation state of Nedd4-2. The hormonal regulation of ENaC
trafﬁcking will not be discussed here as this was presented in recent
reviews [23,119].
Ubiquitinated ENaC is internalized by endocytosis and can either
return to the apical surface following removal of the ubiquitin
moieties and recycling or is degraded. Again the steps involved in
protein internalization and recycling will be discussed in the context
of generalized epithelial trafﬁcking. The ENaC-speciﬁc overlap in this
scheme will then be addressed.
4. Endocytosis and recycling
4.1. Internalization
Membrane protein endocytosis can be broadly categorized into
clathrin-dependent and clathrin-independent internalization
[131,186]. In clathrin-dependent endocytosis, the cytoplasmic tails
of membrane proteins typically encode signals that are recognized by
adapter proteins that facilitate entry of the membrane resident
protein into clathrin-coated vesicles (CCVs) [72]. Accessory proteins
participate in many of the steps in clathrin-dependent endocytosis,
and dynamin is required to separate newly formed clathrin vesicles
from the apical surface. Membrane proteins that are ubiquitinated
often require binding to accessory proteins that link them to clathrin
adaptors [80,219]. Epsin has been implicated in this process as it
contains a ubiquitin interaction motif (UIM) as well as clathrin
binding domain along with a phosphoinositide interacting domains
[34,35,78,157,158,219]. For clathrin-independent endocytosis, pro-
teins typically lack the cytoplasmic sequences that are required to
recruit clathrin. In this case, actin appears to facilitate the remodeling
of the membrane to promote the formation of vesicles by a number of
different mechanisms (pinocytosis, phagocytosis, caveolar endocyto-
sis) [186]. Fig. 2a presents a general schematic depiction of the
endocytic and recycling pathways in epithelial cells.
Regardless of themode of endocytosis, proteins trafﬁcked from the
apical surface are usually delivered to early endosomal compart-
ments. It is in these early endosomes that protein sorting can begin to
occur [72,216]. The early endosomes are characterized by the
presence of phosphoinositide-3-kinase (PI3K), the early endosome
antigen 1 (EEA1) and the small GTPase, Rab5 [115,162]. Small GTPases
act as switches that cycle between GDP-bound/inactive and GTP-
bound/active states and facilitate many of the steps in protein
trafﬁcking including vesicle formation, fusionwith target membranes,
and vesicle movement [66,134,149,176]. The GTPases interact withFig. 2. (a) A schematic representation of the endocytic and recycling pathways commonly fou
text) are presented in black, with the relevant GTPase adaptor or effector proteins in red it
endosome antigen 1; FIP2, Rab11 family of interacting proteins 2; LE, late endosomes; LYS,
4,5-bisphosphate. (b) The ENaC-speciﬁc endocytosis and recycling pathway is presented in t
are depicted. ENaC internalization is initiated by the binding of Nedd4-2 to the intracellular a
carboxy-tail (COOH) of the ENaC subunits. ENaC is then internalized by clathrin-dependent
compartment (EEA1 positive). If ENaC is deubiquitinated by a deubiquitinating enzyme (Dub
membrane. If not it is likely trafﬁcked via the late endosomes (LE) to the lysosomes (Lys) for
the mechanisms of ENaC delivery are provided in the text. Abbreviations: Dub, deubiqu
regulated 4-2; UCH-L3, ubiquitin carboxyl-terminal hydrolase isozyme L3.effector proteins when in an active state, and it is the combination of
GTPase and effector that often characterizes a speciﬁc compartment
or type of trafﬁcking/recycling regulated by these proteins. Primary
among the GTPase family members involved in coordinated protein
trafﬁcking are the Rab proteins of which there are over 60 members
described in mammalian cells [66,73,118].
From the early endosomes, a small number of proteins have been
reported to trafﬁc back to the TGN for repackaging and forward trafﬁc.
The majority of the endocytosed proteins can either travel to late
endosomes and lysosomes for degradation [72,132,145,159]. Alter-
natively they can be routed to recycling compartments to be returned
to the apical surface. Ubiquitinated proteins that are to be recycled
need to be deubiquitinated; otherwise, they are destined for targeting
to the lysosomes. This function is performed by deubiquitinating
enzymes (DUBs) that cleave off single ubiquitin moieties or ubiquitin
chains to allow proteins to enter the recycling compartments
[7,129,139].
4.2. Recycling
Proteins that will eventually be returned to the apical surface are
recycled either by a rapid recycling route or a slow recycling pathway
[72,163,218]. The rapid recycling route returns proteins from early
endosomal compartments directly back to the membrane. Rab4
appears to be an important GTPase that facilitates rapid recycling
[224]. Proteins that travel via the slow recycling route typically move
from the apical early endosomes (AEEs) to the apical recycling
endosome (ARE) as they travel back to the apical membrane. Two Rab
proteins, Rab5 and Rab11, appear to be important in the movement
from early endosomal compartments and the handoff to the recycling
compartment [72,163]. In the recycling compartments, the Rab11
family members appear to be the predominant Rab GTPases that
regulate protein recycling [32,55,97,109,153]. Three closely related
proteins, Rab11a, Rab11b, and Rab25, constitute the members of this
Rab family. Working in concert with the Rabs, Rab effectors link the
Rab GTPases to other protein complexes or molecular motors to
“effect” the job of protein movement between compartments. These
effectors seem likely candidates to assist the recycling of many apical
membrane proteins. For the movement from AEE to the ARE
rabenosyn 5 and Rab11 family-interacting protein 2 (RAB11FIP2)
may provide the link between these two compartments [97,136,180].
A number of the Rab11 FIP family members have been identiﬁed in
recycling compartments. Due to the potential for FIPs to facilitate
many of the steps in recycling, a brief description of these effectors
and their known functions will be discussed [97].
The Rab11 family of interacting proteins (FIPs) have been divided
into 2 broad classes, class I and class II [153,179,203]. Class I family
members include FIP1 (also known as Rab coupling protein or RCP),
FIP2 and FIP5 (also called Rip11). Class II family members are FIP3 and
FIP4. Class1 family members all contain a C2 domain, which may
interact with phospholipids, while class II members lack C2 domains
[97,98,179,180,187,203]. All class I members have been localized to
recycling compartments and are the most likely candidates to
participate in the recycling of apical membrane proteins. FIP1 has
been shown in binding studies to interact with Rab 4 and Rab11 and
be involved in the recycling of several plasma membrane receptors.nd in epithelial cells. Proteins involved in each step in the pathway (as discussed in the
alics. Abbreviations: AEE, apical early endosome; AP-2, adaptor protein 2; EEA1, early
lysosome; PI5K, phosphatidylinositol 4-phosphate 5-kinase; PIP2, phosphatidylinositol
his schematic diagram. Those proteins demonstrated to be involved in ENaC trafﬁcking
mino-terminus (NH2) of each subunit and the addition of ubiquitin (Ub) moieties to the
endocytosis through an interaction with epsin and passes through an early endosomal
), it will be transferred to the apical recycling endosome (ARE) for recycling to the apical
degradation. Rab proteins (Rab11, 27) deliver ENaC back to the apical surface. Details of
itinating enzyme; Nedd4-2, neural precursor cell expressed, developmentally down-
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Rab11/FIP2/myosin Vb complex [97,200]. FIP2 is enriched in the ARE
and is important in the recycling and trancytosis of a number of
receptors and apical proteins, including aquaporin 2. In addition, FIP2
can recruit other proteins that coordinate aspects of recycling, for
example, the Eps15 homology domain (EHD) proteins, EHD1 and
EHD3, which have been linked to sorting and recycling of plasma
membrane proteins [29,100,136,137,182]. The last class I family
member, FIP5, also localizes to the ARE in polarized epithelial cells and
has been linked to protein trancytosis and the regulation of the GLUT4
transporter in adipocytes [85,86]. Like FIP2, FIP5 can bind to motor
proteins, in this case, the Kif3A/B subunits of kinesin (see above). FIP5
interacts with the Rab GTPase-activating protein AS160, a protein
recently linked to GLUT-4 traffﬁcking [84,148].
By recruiting a number of complexes that link the trafﬁcking
membrane proteins, vesicles, and motor proteins, the FIPs working
with speciﬁc Rabs coordinate the trafﬁcking and recycling of apical
membrane proteins in epithelial cells.
5. ENaC-speciﬁc endocytosis and recycling
We will focus now on the ENaC-speciﬁc endocytic and recycling
pathways. The current evidence is that ENaC is internalized via
clathrin-mediated pathways [183,215,221]. Our previous studies
suggested that ENaC is not associated with caveolin; however, a
recent report has found evidence for ENaC regulation with caveolin 1
[83,113]. Nevertheless, it seems clear that the major regulation of
ENaC internalization involves Nedd4-2-mediated ENaC ubiquitina-
tion. The signal to initiate ENaC internalization is the PPxY segment,
which binds to the WW domain on Nedd4-2 binding (Fig. 2b). This
sequence, however, also represents an internalization motif, namely
Yxxϕ, which has been shown to be recognized by the endocytic
machinery, speciﬁcally the adaptor protein 2 (AP-2) to act as a signal
for internalization [193]. A recent study has suggested that the
overlapping internalizationmotifs (PPxY for Nedd 4-2 binding and the
Yxxϕ for clathrin adaptor μ2 binding) could potentially function as
independent sorting signals. However, studies that mutated the
critical tyrosine likely also interfered with the ability of Nedd4-2 to
bind ENaC [193]. The role of the linear internalization sequence in
ENaC endocytosis therefore still needs to be fully examined.
As mentioned above in the general description of endocytosis,
ubiquitinated proteins typically require epsin to link the adaptor
proteins to ubiquitin through the UIM. We demonstrated the
involvement of epsin in ENaC regulation and that ENaC also interacts
with the clathrin adaptor μ2 in the AP-2 complex and is enriched in
CCVs [215]. PIP2-regulated recruitment of epsin to the plasma
membrane initiates clathrin lattice formation and the budding of
CCVs. It has been demonstrated that stimulation of PIP2 levels by PIP5-
K results in enhanced rates of clathrin-mediated endocytosis [217].
Overexpression of PIP5-Kα in both CCD cells and oocytes results in
increase in PIP2 levels and decrease in surface ENaC expression
consistent with increased retrieval [81,108,225]. There are likely
multiple effects of PIP2 on ENaC regulation; however, direct binding of
PIP2 to ENaC has been shown to alter channel gating [41,108,225].
Finally, a role for dynamin in severing CCVs has yet to be
demonstrated for ENaC endocytosis.
Membrane proteins destined for lysosomal degradation are sorted
from those that are recycled to the plasma membrane in early
endosomes (see Fig. 1), and ENaC has been convincingly shown to
trafﬁc through the endosomal pathway both in endogenously
expressing CCD cells and in ENaC overexpressing MDCK cells
[24,169]. ENaC that remains ubiquitinated is likely to be degraded in
lysosomal compartments as inhibition of lysosomes results in an
accumulation of ubiquitinated ENaC and the extension of the
channel's half-life [221]. In order to divert ENaC from a degradative
fate in lysosomes, rapid deubiquitination of the endocytosed ENaC isrequired [37,129]. Several DUBs have been shown to deubiquitinate
ENaC, and we presented evidence that the ubiquitin carboxyl-
terminal hydrolase (UCH-L3) may be involved in deubiquitinating
ENaC endocytosed from the apical surface [25]. By speciﬁcally
blocking the deubiquitinating action of UCH-L3, a loss in steady-
state ENaC-mediated Na+ transport was observed. As this DUB was
biochemically detected in early endosomal and CCV compartments, it
is likely that its action to deubiquitinate ENaC occurred near the apical
surface as ENaC was internalized [25]. As conﬁrmation of this, surface
biotinylation followed by immunoprecipitation of biotinylated ENaC
using an anti-ubiquitin antibody demonstrated an increase in the
levels of ENaC ubiquitination at the apical membrane of CCD cells
following UCH-L3 inhibition. A second DUB has been directly linked to
ENaC regulation. USP2-45 has been demonstrated to deubiquitinate
ENaC, and like UCH-L3, overexpression of USP2-45 increased ENaC
activity and decreased levels of ENaC ubiquitination. The role of this
DUB in ENaC recycling is, however, not clear [58].
Following deubiquitination, ENaC would be re-organized into
sorting and recycling endosomes to trafﬁc back to the apical surface
(see Fig. 2). ENaC has been localized in Rab-positive compartments
and a role for Rab proteins in ENac regulation has been reported. Two
studies have documented the involvement of Rab4 (endocytosis) and
27a (exocytosis) with ENaC regulation in an immortalized human
colonic cell line [174,175,177]. Overexpression of either Rab protein
resulted in an inhibition of ENaC. ENaC has also been shown to be
present in Rab11 compartments with the overexpression of a
dominant negative (DN) Rab11a disrupting ENaC surface expression
and therefore Na+ transport [102]. In separate studies, using an
immune isolation technique, ENaC has been isolated in both Rab11a
and Rab11b-positive vesicle compartments. Expression of DN-Rab11
and knockdown of Rab11a and Rab11b demonstrated the require-
ment for both isoforms in ENaC regulation (Butterworth et al.
unpublished observations).
To date, there are no reports for the involvement of the Rab-
interacting protein family members (FIPs) in ENaC regulation.
However, with Rab11's involvement in ENaC regulation already
conﬁrmed, it is very likely that one or more FIPs will be linked to
ENaC trafﬁcking. Identifying those FIP family members that regulate
ENaC trafﬁcking will also provide clues to the other accessory and
motor proteins that may be involved in moving ENaC through the
recycling compartments back to the apical membrane. As mentioned
above, the motor proteins that trafﬁc ENaC-containing vesicles to the
apical membrane have not been identiﬁed. However, the use of
myosin light-chain kinase inhibitors is known to interfere with ENaC
trafﬁcking linking myosin with this process (Butterworth, unpub-
lished observations). While the myosin isoform involved is unclear,
there is a good chance that this motor will be linked to Rab11 via
an FIP.
6. Regulation of ENaC trafﬁcking
Hormonal regulation of ENaC trafﬁcking, speciﬁcally aldosterone
and vasopressin, will be discussed here brieﬂy; however, several
recent reviews have dealt extensively with this issue and articles in
this special issue will discuss the role of aldosterone in hypertension
[12,15,23,112,119,122,126,127,147,152,188,190,199].
Aldosterone is the primary mineralocorticoid of vertebrates, and it
is released in response to changes in Na+ regulation [99,110]. The
impact on ENaC-dependent transport involves both fast (early) and
slower (late) components. Aldosterone has been shown to rapidly
redistribute ENaC from intracellular, cytoplasmic localizations to the
apical membranes of principal cells of the distal nephron while the
long-term action of aldosterone increases the production and channel
half-life [6,43,58,64,104,138]. The early aldosterone response impli-
cates a role for ENaC trafﬁcking to deliver more ENaC to the apical
surface. Single channel analysis of rats on salt-restricted diets
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product of channel number and open probability), further supporting
the hypothesis of an increase in channel density at the apical surface
with short-term aldosterone exposure [64]. The in vivo studies
suggest that ENaC (or at least some of the ENaC subunits) is held in
an intracellular pool under normal, salt-replete, conditions. When
dietary changes or external cues necessitate an increase in Na+
absorption, ENaC is mobilized from this intracellular pool and
trafﬁcked to the apical membrane to increase channel number and
thus Na+ reabsorption [120].
Acute regulation of ENaC activity has also been observed when
cells are stimulated by vasopressin. Downstream cAMP agonists
induce a rapid activation of ENaC activity primarily by increasing
channel density at the apical membrane of CCD cells
[24,26,130,204,222]. This increase in ENaC activity has been described
in several model systems and more recently was observed in isolated
split open mouse tubules [21]. It is the cAMP-induced signal resulting
from vasopressin binding that elicits the rapid trafﬁcking of ENaC
discussed above. The major function of this hormone is to increase
water reabsorption by translocating the water channel, aquaporin 2
(AQP2) to the apical membrane. In a coordinated trafﬁcking event,
ENaC is moved to the membrane in a manner analogous to AQP2
trafﬁcking [18,19,65,77,140,155,202,207]. While model cells and
animal models all point to an increase in sodium transport after
activation with vasopressin, a study involving healthy human
volunteers demonstrated a decrease in urine volume and increase in
sodium retention in subjects where the vasopressin signaling
pathway was stimulated [11]. While sodium retention may not be
appropriate under all conditions requiring water reabsorption, the
observed increase in sodium absorption demonstrates that these
ENaC trafﬁcking mechanisms described in model systems are likely to
be found in human CCD. Many of the mechanisms that regulate ENaC
forward trafﬁc have, however, not been resolved.
7. Conclusion
By comparing what is known about the mechanisms of ENaC
trafﬁcking with established models of epithelial trafﬁcking and
recycling, it is clear that ENaC likely utilizes many of the same
pathways as it is moved to and from the apical membrane. However,
many of protein interactions characterized in epithelial cell models
have yet to be conﬁrmed to be involved in ENaC regulation.
Nevertheless, these studies are an important launching point for
further investigations into ENaC-speciﬁc trafﬁcking. Of interest,
however, is the fact that at several points in the recycling pathways,
there appear to be distinct populations of ENaC that do not follow the
established paradigms. These deviations can be observed in the both
the forward trafﬁc and recycling pathways, and these populations of
ENaC certainly merit additional investigation to determine how and
why their regulation differs from constitutively recycled apical
membrane proteins. ENaC trafﬁcking and recycling constitute an
important mechanism to exercise physiological regulation of salt
reabsorption in the distal nephron of the kidney. The suite of
interacting proteins discussed brieﬂy above implicated in moving
ENaC through intracellular vesicular compartments offer the potential
for multiple checkpoints in ENaC regulation. These sites are therefore
potential points where disregulation could interrupt ENaC trafﬁcking
and recycling. By uncovering the mechanics of this regulation, it is
hoped that we will gain insight into pathophysiological conditions
that arise from defects in this mode of regulation and identify targets
for its therapeutic manipulation.
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